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To investigate the non-Fermi liquid (NFL) behavior in a nonalloyed system CeNi2Ge2, we have 
measured the temperature and field dependences of the specific heat C on a CeNi2Ge2 single 
crystal. The distinctive temperature dependence of C/T (~ a — /3yT) is destroyed in almost 
the same manner for both field directions of _B//c-axis and _B//a-axis. The overall behavior of 
C(T,B) and the low-temperature upturn in x(^) can be reproduced, assuming an anomalous 
peak of the quasi-particle-band density-of-states (DOS) at the Fermi energy possessing ^fl energy 
dependence. Absence of residual entropy around T = 0Kin_B~0T has been confirmed by the 
magnetocaloric effect measurements, which are consistent with the present model. The present 
model can also be applied to the NFL behavior in CeCus.gAuo.i using a ln(e)-dependent peak 
in the DOS. Possible origins of the peak in the DOS are discussed. 
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In recent years, deviations from expected Fermi-liquid 
behavior observed in several /-electron Kondo-lattice 
compounds at low temperatures are attracting a great 
deal of attention in the area of strongly correlated elec- 
tron systems. In the intensively studied systems, such 
as CeCug^Au,, @,§ Cei^La^RuaSia, § CeCu 2 Si 2 § 
and Ce7Ni 3 , || physical quantities, such as specific heat 
C, electrical resistivity p and magnetic susceptibility x, 
show anomalous temperature dependences on the verge 
of long-range magnetic ordering, when the relevant pa- 
rameters are tuned by changing atomic concentration 
or pressure. The commonly observed behaviors are 
C/T oc-ln(T/r ) or a - bVT, Ap oc T n with n < 2 
and x = a> ~ b'VT. At the moment, as possible ori- 
gins of such non- Fermi- liquid (NFL) behaviors, (1) a 
strong quantum effect of the low-energy spin fluctuation 
(SF) near a T = magnetic phase transition, | , 7| and 
(2) a distribution of Kondo temperature Tk, [3| have 
been proposed. For studying the former effect, ran- 
domness inevitably introduced in the alloyed systems 
and complexity due to more-than-one crystallographic 
4/-site in the unit cell should be avoided. Therefore, 
a search for NFL behaviors in stoichiometric systems 
with only one crystallographic 4/-site is highly desir- 
able. Examples of desirable systems reported to date 
are CeNi 2 Ge 2 , fl CeCu 2 Si 2 @ and CePd 2 Si 2 , § all of 
which have tetragonal ThCr 2 Si 2 -type crystal structure. 
CeNi 2 Ge 2 was first reported as a paramagnetic heavy- 
fermion compound with the electronic specific heat co- 
efficient of 7 ~ 350 mJ/K 2 mol. [jlTJ Recently, the grad- 
ually increasing C/T with decreasing temperature and 
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a deviation from p oc T 2 behavior at ambient pressure 
have attracted attention as NFL behaviors, 
loying experiment of Ce(Nii_ a; Cu a ;) 2 Ge 2 , 
compound CeNi 2 Ge 2 demonstrated that it is close to the 
critical concentration of x c ~ 0.2, above which the anti- 
ferromagnetic ordering sets in. Therefore, in CeNi 2 Ge 2 , 
located around the boundary between the paramagnetic 
heavy-fermion and magnetically ordered regimes, antifer- 
romagnetic spin fluctuation is expected to play a role in 
NFL behaviors. A metamagneticlike anomaly observed 
at 42 T in the magnetization curve and a broad max- 
imum in x f° r B//c-axis are regarded as evidence of 
antiferromagnetic correlation. jl3| In this letter, we re- 
port precise measurements of specific heat as functions 
of both temperature and magnetic field on a single crys- 
tal CeNi 2 Ge 2 to investigate the low-energy excitations 
which should be related to the NFL behaviors. 

The preparation of a single-crystalline sample was de- 
scribed elsewhere. Q The specific heat was measured 
by a semiadiabatic heat-pulse method using a dilution 
refrigerator in the magnetic fields up to 8 T. In the 
measurement, the heat capacity of the addenda, which 
has been carefully subtracted from the measured total 
heat-capacity, amounts to 2% (19%) of the sample heat- 
capacity at 0.2 K (7 K) in zero field. 

The temperature dependence of the specific heat mea- 
sured in the fields of B//c-axis and £?//a-axis is shown 
in Fig.l plotted as C/T vs VT. The lattice contribu- 
tion generally expressed as Cl — 5T 3 should be neg- 
ligibly small in the measured temperature range; S = 
0.295 mJ/K 4 mol estimated from LaRu 2 Si 2 juj leads to 
C L /T ~ 0.01 J/K 2 mol at 6 K, which amounts to 4% of 
the measured value in zero field. The nuclear magnetic 
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specific heat, estimated to be 6xlO _8 (i?/T) 2 J/Kmol in 
the field of B, is also negligible. Thus, the observed C 
is attributed mainly to the electronic contribution. As 
a whole, no essential difference has been found between 
the field directions. The data in zero field can be well 
fitted by C/T = a- 0VT with a =0.410 J/K 2 mol and 
ft =0.077 J/K 25 mol. This behavior is similar to that in 
the data for a polycrystalline sample reported by Stcglich 
et ai, j3J although their high-T data are expressed well 
by C/T cx ln(T/T ). With increasing field, C/T de- 
creases gradually below ~1 K. In the fields of B >4 T, 
almost T- independent C /T appears at low temperatures 
and C /T shows a broad maximum at T max , which is plot- 
ted in a B vs T phase diagram in Fig. 2. Note that T max 
is close to the temperature Tj where the resistivity starts 
to deviate from the low-temperature T 2 dependence. 
Contrary to low temperatures, C /T increases with in- 
creasing field at high temperatures. As shown in Fig. 3, 
C/T as a function of field changes sensitively around zero 
field at low temperatures. It should be noted that the 
field dependence of C/T for T — > can be expressed by 
C/T = 0.410 - 0.0A6VB J/K 2 mol. 

In this letter, we demonstrate that both a/T- 
dependence of C/T in zero field and the VB-dependence 
of C/T for T — > can be simply understood by assum- 
ing an anomalous peak structure in the quasi-particle 
density-of-states (DOS) as a function of energy. In gen- 
eral, C/T can be expressed as 



C/T - 



dx[D T ( e+ ) + C i (e_)]x 2 sech 2 (x), (1) 



where e± — 2Tx ± (fi e ff /ftB)B, and -Df(e) and -Dj.(e) 
(in the unit of states- J/K 2 mol-spin) represent the DOS 
for up-spin and down-spin bands, respectively. Here we 
assume rigid quasi-particle-bands without temperature 
dependence expressed as 



Di(e) = D l (e) = a'-f3'V\el (2) 

Combined with eq. ([!]), this model leads to the temper- 
ature dependence of C/T in B = and the field depen- 
dence of C/T at T = as follows, 

?7r 2 i c; 

C/T = ( - r )o , -[ -(4-V2)V^C(-)]/3VT (for 2? = 0) 

(3) 



C/T =(-?L) [a' -/3'^ \f^B\] (forT = 0), (4) 

where ((x) is the Zeta function. Comparing eq. (||) with 
the experimental results, the parameters in eq. (Q) are de- 
termined to be a' = 6.23 x 10 -2 states- J/K 2 mol-spin and 
0' = 6.68 x 10~ 3 states- J/K 25 mol-spin. Then, inserting 
the C/T value at B = 8 T into eq. (^), we can estimate 
the effective magnetic moment ^ e // = 1.63 [Ib- Using the 
set of obtained parameters a! , (3' and /x e //, we calculated 
C/T as functions of both temperature (Fig. 4) and field 
(Fig. 5). The broad maxima in C/T vs T above 4 T are 
well reproduced, and the calculated T max {B) is close to 
the experimental ones, as shown in Fig. 2 with a broken 
line. In the model, this broad peak originates from the 
thermal excitations to the peaks in the DOS shifted from 



the Fermi energy by fi e ffB. Above ~3 K, the calculated 
C/T gradually increases with increasing field, which is 
also consistent with the experimental results. Quantita- 
tively, however, there remain some discrepancies, i.e., the 
calculated C/T for B =1 and 2 T becomes constant as 
T — > 0, whereas the experimental C/T increases continu- 
ously with decreasing T. Although T max is proportional 
to B in the calculation, the observed T max in Fig. 2 shows 
subtle upward curvature, indicating a gradual change of 
fieff- These discrepancies suggest that the peak struc- 
ture of the quasi-particle DOS is not "rigid" but depends 
on T and/or B to some extent, especially close to the top 
of the peak. 

In many Ce compounds exhibiting the NFL ground 
state, the entropy related to the NFL behavior is re- 
duced to nearly 1/2 of the i?ln2 expected for a doublet 
ground state. |lj| This fact leads to a naive but interest- 
ing question, i.e., whether any residual entropy is left at 
approximately T = in the NFL ground state or not. If 
so, the entropy which is concealed below 0.2 K could be 
released at higher temperatures in the fields above 4 T, 
where Fermi liquid behaviors are recovered. In order to 
reveal any concealed entropy, we measured the magne- 
tocaloric effect (MCE). In the data analysis, we use the 
thermodynamical relation 

(-) ' 

Here, AT/AB is defined as AT/AB = ±(AT T - 
AT{)/\AB\ using the temperature change AT T (ATJ 
after a slow increase (decrease) in the magnetic field by 
\AB\ = 0.02 ~ 0.1 T. This procedure eliminates the con- 
tribution from the eddy-current heating of the sample. 
By integrating eq. (||), i.e., J (^)t(IB, we obtained the 
field dependence of entropy at 0.5 K. As shown in Fig. 6, 
the results are in good agreement with those calculated 
from C(T) data, confirming that there is no concealed 
anomalous entropy below 0.2 K in the fields of B ~ T. 

The present model can be checked using the magnetic 
susceptibility data \ = M/B. As shown in Fig. 7, an 
upturn is seen below 10 K in both field directions, |l3| ] 
and was at first suspected to be a magnetic impurity 
contribution. Although Steglich et al. pointed out the 
possible relevance of the upturn to the NFL behavior 
in C, Q conclusive evidence has not yet been provided. 
Using the general formula 

[D ]{ e + ^±B)-D i{ e-^B)]- * 



- — 

"T n AB' 



(5) 



M = 



Me// 



R 



k B 



exp(f) 
(6) 

we calculated M/B. As shown in Fig. 7, the model pre- 
dicts that M/B also varies as y/T at low temperatures in 
B = 0.1 T, whereas M/B deviates downward in B = 5 
T. The upturn in M/B for B/ /c-axis is well reproduced 
in the present model, indicating that the upturn has the 
same origin as the NFL behavior in C/T. Furthermore, 
this agreement suggests that the Wilson ratio is nearly 
equal to one. However, it is unclear why M/B for B/ /&- 
axis at 2K is suppressed by ~ 20 % compared to that for 
B/ /c-axis, although the C/T shows no marked difference 
for either field direction. 
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The same analysis can be applied to another NFL 
system GeCus.gAuo.i, where C/T behaves as C/T oc 
— ln(T/To) in zero field as reported by Lohneysen et 
al. |ij If we assume a rigid quasi-particle band ex- 
pressed as -D-f(e) = -Dj.( e ) = — um (l e l/ w ); tnen this model 
yields C/T = -(2vr 2 /3)wln(T/0.352?;) for B = and 
C/T = -(2tt 2 /Z)uhi(n eff B/k B v) for T = 0. Compar- 
ing the equations with the corresponding experimental 
data, |u= 0.089 states- J/K 2 mol-spin, v = 20.0 K and 
/j, e ff = 1.92/ib are obtained. The calculated C/T and 
M/B (not shown) account for the following facts; (1) the 
broad maximum in C/T vs T for higher fields, which can 
be viewed as evidence of the peak in the quasi-particle- 
band DOS similarly as in CeNi2Ge2, and (2) the upturn 
in M/B vs T at low temperatures qualitatively. 

We have demonstrated that the overall NFL behaviors 
of C/T and M/B for CeNi 2 Ge 2 and CeCu 5 . 9 Au .i can 
be described as an anomalous sharp peak formed at the 
Fermi energy in the quasi-particle-band DOS within the 
Fermi liquid picture. Since both systems are very close 
to the AF long-range ordering at T = 0, the antiferro- 
magnetic spin fluctuation (AFSF) is expected to play 
a role in forming the peak in the quasi-particle-band 
DOS. In such a case, it is expected that the AF mag- 
netic excitations are compressed to low energies, || and 
the resulting abundance of low-lying excitations could 
lead to an enhancement of the quasi-particle mass or to 
a large 7 value. Dealing with the AFSF based on the 
framework of the sclfconsistent renormalized (SCR) the- 
ory, Moriya and Takimoto || calculated several physical 
quantities, e.g., C/T = a — byT at low temperatures. In 
the Cei_ a; La a ;Ru2Si2 system, Kambe et al. || reported 
that the experimental results can be understood to some 
extent in the frame of SCR theory. Thus, the SCR cal- 
culation extended to the case in the applied fields is de- 
sirable for direct comparison with our results. 

As an alternative explanation, anisotropic hybridiza- 
tion of 4/- and conduction electrons is possible. [|l6| From 
the crystalline field (CF) analysis of the magnetic sus- 
ceptibility above 50 K, the CF parameters of Ce 3+ ion 
B% = -12.2 K, B° A = 0.05 K and B\ = -3.03 K 
and the molecular- field coefficient A = — 57 mol/emu 
are obtained. This large value of A indicates a strong 
Kondo effect and/or intersite AF correlation. The lat- 
ter effect appears as a broad \c maximum around 30 
K, which cannot be explained in the frame of the CF 
model. The CF parameters lead to the CF ground-state 
of x\ ± 5/2) + - x 2 )\ T 3/2) with x ~ 0.90 and the 
excited states lying above ~ 200 K. Hybridization of 
this ground state with conduction electrons could lead 
to anomalous peaks in the density-of-states of the quasi- 
particle bands. [jlT], [l^] For CcRu2Si2, one such peak 
is proposed as an origin of the observed metamagnetic 
anomaly at B = 7.7 T. Jll Also for CeNi 2 Ge 2 , a peak 
located just at Fermi energy could be an origin of the 
observed peak. 
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Fig. 1. \fT dependence of C/T measured in the field of £?//c-axis 
and B//a-axis. 



Fig. 2. B-T phase diagram. The broad maximum in C/T-vs-T 
curve (Tmax) for both the experimental results (•) and the model 
calculation (broken line through the origin) is shown. In the 
shaded area, calculated C/T becomes temperature-independent 
constant. T; defined in ref. 4 is also plotted (o). 



Fig. 3. Magnetic field dependence of C/T for S//c-axis and for 
£?//a-axis. The broken curve shows the model calculation pre- 
dicted for T = (see text). 



Fig. 4. Calculated C/T vs yT. The inset shows a schematic 
of the energy dependence of the density-of-states for the model 
quasi-particle-bands in an applied field. Fermi energy corre- 
sponds to e = 0. 



Fig. 5. Calculated magnetic field dependence of C/T in the 
model. 



Fig. 6. Magnetic field dependence of the entropy S determined 
from the magnctocaloric effect measurement and integration of 
C/T-vs-T curve. The model calculation is shown as a broken 
curve. 



Fig. 7. VT dependence of the magnetic susceptibility \ = M/B 
for B//c-axis and B//a-axis. The full and broken curves are for 
the model calculations. 



